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STATISTICAL THEORIES OF ACTIVE SURFACES

V. I. Levin, Moscow

[Fleures referzeq 1o ars appsnded./ ;

Introduct ion

In the 19205, as & resudt of the worx of a number of 1nvest1.g7utors,there

vas formulated a theory of adzorption and catalytic phencmens [f, 2

» & theory

usually associated ¥ith the rame of Langmir, which interpreted the then avail-
able experimental data reiative <o adsorption equilibria and kinetics of het-
erogensous catalytic Tesctions. Thig theory 1s based on the following premiges:

1.
throughout with respect tc 1ts adsorprive, or catalytic, Properties.

The aurface of the adsorbent, or of the cataiyst, 1s homogeneous t

2. The interactiorn betveen the adeorbed Particles has practically no ef-
fect on the adsorption process se & wkole.

3. The surface can be covered ty no more than a monomolecular layer of
the adsorptive. A

Subaequently, however, sxperimental data were obtained vhich did not sup-
port these assumpuione. With increasing accuracy of the experimental methods
the quantity of such data increased steadily, and Tirally the point vas reached
where an agreement of the experimental results with the requirements of the
theory bvecame mn exception rather than tne rule.

Thus, 1t was found that i moat inszances the experimental data relating
to reaction equilibrivm de aot satiefy the Langmiir isotherm

A A T - e
wl =

CLASSIFICATION ~ CONFIDENTIAL

STATE

X

ARMY

::;vv '] )X( »:n's_jT_T ms"rm,aumN T l' £’:q3:q

B 060589-1
Sanitized Copy Approved for Release 2011/10/06 : CIA-RDP80-00809A000700



Sanitied Copy Apprved for Release 2011/10/06 : CIA-RDP80-00809A000700060589-1

r

CONF IDENTTAL 50X1-HUM f

vhere ¢ is the occupled portion of the adeorbent's surface corresponding to
equilibrium concentration of the substance being adsorbed, ¢, and a= Yp is the
adsorption coefficient. It was found that vwithin a wide range of concentrations
of solutes and gases, the experimental data often approximate more closely con-
ditions formulated by means of the old, empirical, parsbolic isotherm

(PC‘:):"'ACY

where the exponent ¥ is smaller than one, or by means of other, more complex
derivations.

(2)

It was found further tha* experimental data obtained in studies of the
kinetics of adsorption and heterogeneous catalytic reactions, frequently show
recurring regularities which cannot be satisfactorily explained on the basis
of the aforementioned theory ﬁ-§7 - Results obtained 1n measurements of the
differential adsorption heats, vhich in most systems were found to vary with
variation in the magnitude of surfaca saturation, vere also in disagreement
with the prevailing theory ﬁ, §7 Ordinarily, the greatest quantity of heat
is liberated during adsorption of tke very first portions of the adsorptive.
The activation energy of active adsorption was also found to depend upon the
degree of surface saturation; in most instances, the adsorption energy in-
creased rapidly with increasing saturation. Analogous phenomena were observed
in studies of the kinetiecs of contact Teacticns, the activation energy of these :
reactions varying, in many cases, with the variation in the specific saturation
of the surface by Teacting substarces. Especially significant also were the
date pertaining to catalyst poisoning. The nature of the changes in ectivity
which take place during adsorption of the poison is frequently completely unex-
plainsbie on the basis of the aforementioned theory.

All these facts raised doubts as to the correctness of the basic postu-
lates of the proposed theory, and prompted efforts directed toward a more sat-
isfactory formulation of the theorstical principles involved. Three lines of
approach thus suggested themselves. One may discard the hypothesis of a homo-
geneous surface, while retaining the other fundementai premises. One may also
reject the second postulate snd assume the existence of substantial forces of
interaction forces between the adsorbed particles. One may finally reject the
third hypothes:s and assume %ne poseibliity of a multilayer adsorption. Numer-
ous attempts were made to ° vzlop & more adequate theory along each of these
lines of approack. 1In 80 tur as catalytis rzactions are concerned, of greatest
moment are the considera%:ons baged on the rejection of the elementary theory's
first postulate relating to surface romogeneity. The present publication 1is
primarily concerned with thig apecific concept.

Fundamental Premises of the Theory of Heterogeneous Surfaces

It is well known tha’ solids are sctually far from being homogeneocus moat
of them being polycrystalline and comprising small crystals of various sizes
agglomerated into granules of various shapes and sizes. Deviations from stoi-
chiometric compositicn are alvays present, as well as admixtures and extraneous
edjuncts.. The surface furthermore includes fissures, foramina, projections,
and other flews. The presence of such m&cro-heterogeneity 18 established by
roentgenographic and electronogrsphic data, and certain other indirect methods.
In mﬁitmn, it can be considered beyond doubt that heterogeneity of a more
minute nature 1s aiso present, as a result of imperfect configurations of the
space lattlices such as deviations from interatomic distances, flaws such as
voids in the lattice, inclusion of extranenus atoms , and sc forth. (See, for
instance, 5-1_2_7, All these flews and irregularities in the surface structure
undoubtedly have a pronounced effect upen the field of force in the surface »
causing distortions and deviations from the strict periodicity characteristic
of an ideal crystailine structure. The interaction of the adsorbed molecules
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with such @ helerogeneous surface will, obviocusly, vary at different points of
the latter. Hence, the amdsorption heat and activation energy depend on the
area of the surface at which the process takes place. It is possible that on
such a heterogeneous surface catalytic activity will not be present at all
points, and that areas of catalytic activity will differ in degree of activity.

These hypotheses were suggested by many investigators, at first qualite-
tively, and many of them proposed certain types of surface activity, that is,
edsorption or catalytic properties attributable to some specific type of dis-
rupted structure, such as projecting atoms, voids in the space lattice, and so
forth. /13-187

All trends in the development of iue theory of heterogeneous surfeces are
based on the following assumed positions:

1. Different areas of the surface possess dissimilar adsorptive and cat-
alytic characteristics.

2. Within the boundaries of a group of areass characterized by perameters
of given values defining their adsorbent and catalytic properties , the elemen-
tary theory holds.

Geometrically, such a group of equivalent areas doea not, of cource, nec~
essarily correspond to any isolated portion of the surface. On the contrary,
a group of equivalent areas on a heterogeneous surface must be considered as
the sum total of points distributed geometrically in any manner and possessing
the same adsorptive and catalytic characteristics.

Thus, a process taking place on the heterogeneous surface may generally be
considered as the summation of independent processes occurring on separate
areas (or centers of activity). Let us consider, for instance, the adsorption
equilibrium on a hetercgeneous surface. Let the surface comprise areas, each
of which is characterized by the inverse adsorption coefficient b within each
of these areas the isotherm of Langmuir is effective:

-—c
Bm c+bm

vhere Om s the cccupled portion of the surface in the area m. The occupied
portion of the total heterogeneous surface is given t_  the sum:

(3)

where fm is the relative size of the area having the inverse adsorption coef-
ficient bm. If the number of areas having different bm values is large, and
it can be assumed that b has a continuous series of values, then the sum (3)

can be replaced by the integral
bl

<

d\(c)=S = P(b)db (1)
by

where P b) is the surface's so-called distribution function relative to adsorp-

tion coefficient. This function can be determined as the derivative P(b)-

where G (b) is the portion of the surface within the boundaries of which the

adsorption coefficient assumes values from zero to b.
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Therefors, P(b)db 1s equal to the portion of the surface characterized by
values of b lying within the limits from b to b+db. In other words, P(b) rep-
resents the statistical specific weight of areas with a given b velue, with re-
spect to the total surface.

The concept of a distribution function, or more precisely, distribution
density, is sdopted from mathematical statistics. [f27p

In equation (4), b1 and by are respectively the leest and the greatest
values of b on a given surface.

In general, if any property F is dependent on a variable x, then the value
of this property on a surface heterogeneous with respect to x is expressed by
the integral

F= S £(x) p(x) dx )
*y

where £(x) is the dependence of the property F on x in the case of a homogeneous
surface; p(x) is the distribution function given by

_dSx)
F(X)—T (6)

and X, and X, are the minizum and the maximum values of the variable x.

If the distribution function is known, it is not difficult in principle,
having calculated the integral (5), to find the corresponding lav for the het-
erogeneous surface. Much more difficult 1s the converse problem of determining
the distribution function f(x) from the known lav governing the property F.

The solution of both these problems in their application to adsorptive and
catalytic pru.-es was first realized by Soviet investigators, who have origi-
nated a novel statistical trend in the theory of active surfaces. This trend
vas initiated independently by two research teams.

8. 2. Roginskiy and coworkers (Ya. B. Zel'dovieh, C. Yu. Leypunskiy, 8. Yu.
Yelovich and others), in making a detailed study of the stepwise behavior and
kinetics of certain simple catalytic reactions , discovered the above-mentioned
deviations from the Langmir theory in processes involving the adsorption and
catalytic oxidation of carbon monoxide on manganese dioxide, the sdsorption of
hydrogen and catalytic hydrogenation of hydrocarbons on nickel, copper, ete.

In order to explain these anomalies > they proposed the concept of heterogeneity
of the active surfaces, and formlated the experimentally derived relations by
introducing the distribution function (6) comprising the suitable parameters.
These researchee progressed over a period of years, and culminated in the crea-
tion of a general theory governing processes on heterogenecus surfaces. This
theory vas developed by Roginskiy.

Quite ipdependently, A. N. Frumkin and his collaborators, (M. I. Temkin,
M. Shlygin, R. Kh. Burshtein, and others) » discovered a number of anomalous
properties displaycl by active surfaces. Specifically, the study of polariza-
tion of metallic electrodes led them to the discovery of an unusual logarithmic
adsorption isotherm, which was given a theoretical basis by means of a repre-
sentation concerning surface heterogeneity. Results of studies of para-ortho
conversion of hydrogen and other processes suggested surface heterogeneity.
Frumkin and assoclates undertook a vast number of theoretical researches in
connection with adsorption and catalysis on heterogeneous surfaces, which vere
conducted primarily by M. I. Temkin,

- 4.
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More recently, substantial contributions to the statistical theory of ad-
sorption phenomena were made by M. M. Dubinin and his collaborators, whose work
we vill not discuss here, since it pertains to a field beyond the scope of our
consideration.

The Adsorption Equilibrium

Langmuir had already discussed the possibility of considering the adsorp-
tior process on a surface as a result of a summation of independent processges
on homogeneous areas, and proposed the schematic formuls

%P

vherein q{p) 15 the emount of substance adsorbed at equilibrium, at a pressure
p./20

However, neither Langmuir himself nor his numercus followers advanced be-
yond this general formula or reached any further conclusions, and esgentially
they merely formulated the problem in a most general manner. In connection
with adsorption equilibrium, the first investigator who initiated a statistical
treatment of heterogeneous surfaces of adscrbents was the Soviet scientist Zel'-
dovich, who at that time was working in Roginskiy's laboratory./21/ Zel'dovich
undertock specifically a theoretical study of the problem concerning the possi-
ble origin of the parabolic isotherm (2), which is so frequently encountered
in experimental work. He demonstrated that this function may result from het-
erogeneity of the adsorbent, and should occur on surfaces characterized by an
exponential distribution function of adsorption heat.

Lr)=C,-=Q (n

where Q is the heat of adsorption, while C and oC are constants.

Using formula (4} as the isotherm of heterogeneous surfaces, Zel'dovich
utilized the folloving method for determining approximately function p(b) for
a given Q{(p), that is, for solving integral (4).

The Langmuir isotherm is replaced by two straight lines: ¢(p)= fp where
0<p<b, and ¢ (p)=! where p>b. Then, if by = o and by=b,, ve have
b

P o
s =\ pydbar L 4y @®

0 P

On successive differentiation with respect to p, equation (8) ylelds the de-
sired solution

d* ¢ (p)
P(b)=—b(d—Pz) p=b i5)
On applying formula (9) to the parabolic isotherm (2), we obtain
P)s AYCI=-7) T = Ab T

Substitution of the function P(b) thus obtained, in the initial integral (4),
gives

o =ap § 2 o

]

-5.
CONPIDENTIAL

Sanitized Copy Approved for Release 2011/10/06 : CIA-RDP80-00809A000700060589-1 NN




Sanitized Copy Approved for Release 2011/10/06 : CIA-RDP80-00809A000700060589-1

r

CORF IDENTIAL

When p « b, and ¥Y<1, equation (10) gives the limit value of ¢ (p)

Le A’ 4
pan @ CP)=ﬁ' p'=Ap

that is, the parabolic isotbterm (2). Since formula (9) determines P(b) only
within the accuracy of a constant coefficient » the value of A’ is determined
from the condition of normalization:

faj’(b)dbm

[]

which gives A - )/bo"r

In order to obtain distribution function in adsorption heats, we use the
following obvious equations:

PRIAQ=rL(b) db; b=b°c_Q/R-r

Hence, assuming that b, is independent of Q, the function P(Q) 15 equal to
Pla)=-L e "¥kr_ ¢, -=a
RT
vhere C = x = Y/RT

An analogous study was made several years later by Cremer and Fluegge, who
asgumed that the active adsorption centers are voids in the space lattice of
the order of atomic'dimensions./22/ They further assumed that these voids are
formed as a result of thermal motion at the temperature of preparation of the
catalyst or adsorbent, and that the equilibrium attained at this temperature is
retained or "frozen" on subsequent cooling. The probability of the formation
of a void in the lattice at a temperature 7" is proportional to the value e 'E/t,
E being the energy expended in the formation of the void. Since the distribu-
tion occurring at temperature T is retained on cooling, the portion of active

centers having an excess of energy E, that is, the distribution function in K,
is equal to:

P CE) = Const. - & “ERT

On assuming further that E is equal to the adsorption heat () [8ic7, the au-
thors obtain the following isotherm of heterogeneous surfaces:

T e-q
¢ (P)= Consf.'P 5 f__PL;IE‘i_Q_

-]

For low pressures and b, constant, this express is spproximately equal to

- L S S
@ (p) = Cons TR TP P Ap

wherein Y:% the result being within the value of the constant, the same as
that obtained by Zel'dovich.

It is regrettable that Cremer and Fluegge fail to mention the work of Zel'-
dovich, even though the latter had been published in 1935.

The next substantial contribution to the development of the statistical

theory vere the researches of Temkin /337, who, having proposed a uniform dis-
trivution of the surface in adsorption heats,

P (Q) = Const (11)

.'\ -6 -
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substantiated from a theoretical standpoint the adsorption isctherm

which vas empirically derived by Frumkin and Shlygin./B4] TIf we assur> the
uniform distribution (11), integral (4) vecomes

RT 1+a,P —L/RT -1
PO =t ity s amme e (13)

wherein «,= '/bn' At pressures such that a,p » J, and G P «! (1in the so-called
zone of medium saturation), (13) approximates the following expression

¢CP)=; <n a,p (14)

vhich coincides with (12).

Further development of the theory of heterogeneous surfaces was hampered
by certain mathematical difficulties. Solution of integrals of the form (5) in
many cases either is impossible by means of elementary functions or results in
cumbersome, complex formulas. The problem becores especially arduocus when it
is necessary to determine the unknown function f(x) on the basis of the known
function F, which requires the solution of integral equations of the following

type b
F(t)= S flx,t) P(x) dx
&

vhich, in general, is most complex, Therefore, it wvas deemed more expedient

to introduce simplifications without unduly distorting the general physical
picture of the Prevalling physicel conditions » while readily allowing for clear
relations of a general nature which admit experimental verification. One of
these simplifications, in the case of adsorption equilibrium, is the formula
of Zel'dovich (9).

Roginskiy proposed a simplified analytical method for studying processes
on heterogeneous surfaces /35-297, which is applicable not only to adsorption
equilidrium but also to many other statistical problema.

The simplicity and lucidity of this method enabled Roginskiy to develop
an orderly theory of processes on h:terogeneous surfaces » which affords a sim- . ,
ple interpretation of a number of hitherto unexplainable rhenomens.

In its application to adsorption equilibrium, the gist of Roginskiy's
method is as follows. According to the foregoing considerations » the adsorp-

tion isotherm on a heterogeneouz surface is given by the equation:
2

_ PPCQ) d @
$ p)= §W (25)

- Let us express P(Q) in frgctiona of unity, i.e.,
2
S rCQ)dQq=I

Q
Let us assume b, to be ind.ell)endent of Q, and plot the graph of the function

Y = P
6 (@ p+h,€ -~ Q/RT

-7 -
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Figure 1 shows that # {Q) has an inflection point whoge abscissa, as can L3 RN
be readily ascertained, is ’
QinF=RT 2n b Jp (16)
¥
%
and vhose ordinate s finf =3 /Binf means 8 inflection/ 3
Let us consider distribution funetion P(Q) shovn in Pigure 2. on the same ' ‘
graph 18 also plotted the curve of the function 8(Q) - P(Q), the shaded ares ’ 1
enclosed by this curve, the axis of abscissee, and the ordinates Q) and Q,, is !
equal to the Integral (15). This area can be replaced by the equal area - :
which is equivalent to substituting for the integral (153', the equal integral b m—t—
qQ . -

¢ (p)= S Prla)da [Qer stands for Qgraph.7

0 r
In virtue of the steeply ascegding slope of curve B(Q) . P(Q) for stead-
ily and slowly changing functica FPW), and tor sufficiently vide interval be-
tveen Q; and Qs it may be assumed approximately that the point Qer coincides
with the abscissa of the inflection polnt of the curve 9(Q):

Qg,\:"‘ Q,nf =RT-£a bo/.‘c

The adsorption isotherm can then be written as follows:
Q

¢(P)=§}>(Q)JQ (17)
b,
Omf-'RT'J" /P :
Thus, all areas of the surface having adsorption heats greater than Qint
are practically completely occupied (=1 ), while a1l areas of the surface

with ad;orption heats less than §1inf » are practically free of the adsorptive
(6=0). ~

The formula (17) thus cbtained can be used to determine the adsorption
isotherms corresponding to uniform PR = const/, and exponential E(Q)=Ce"‘f7
distribution by adsorption heats. The computations in these cases glve;

APy =const (Q,=RT 4y bo 4 RT np)=C.+ €, Lgp
RT _
and ¢cp).—.o+(b—’:-) R P!

vhich, within the accuracy of the constants, is in agreement with the results

obtained by other authors on using more rigorous but also moras complicated pro-

cedures. The originator of this method has studied a number of other isotherms

corresponding to linear, hyperbolic, and stepwise &istribution, The use of

Roginskiy's method greatly simplifies the task of determining the distribution |
function P(Q) on the basis of the known isotherm & (p). Differentiation of :
(17) with respect to the lower limit gives:

__dd - d Ploy. d& _
R e AL

a8y Qe

d-é"P]P= boc
(18)

-8-
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By means of this very simple expression, the form of function P(Q) can be i
readily deternine? from experimental data, since 'dd{%‘ can be readily found, ;
graphically for example. The value of by can also epfound without diffi-

culty. From (17) it follows that to two equal values of ® , for different

:urpez('azt)xres Ty and Tp, correspond equal values of Qinf, and thus we obtain

rom (1

Lgby="Tidsp = Tslsp,
T—T

Function £ (Q) can be found not only from the isotherm, but also on the
basis of & known adsorption iscbar. According to the theory of Roginskiy, when
p=const we have the following relation:

Qe =RT(Lpbo—"ap)=CT
and therefore the isobar equation has the form
G2
pcr, = rearde

Q. =CT

and the distribution function is determined by means of the formula:

dQ,.¢ [ d7 T= ._1_.L% !
The differential adsorption heats can be determined Just as readily. By defi-
nition, the differential heat of adsorption is equal to

d &

Qd.FF =W

where G 18 the total thermal effect on the entire surface, an effect corre-
sponding to the degree of saturstion . Ona heterogeneous surtace, however,

we have Qy Qy
6= a0 parde = ar de
a Qinf

and therefore Qdife is 'equa.l to o
Quirg =46 46 d0,,¢. ;nf§,,faﬁ(o)da
d ¢ dq, .+ d$ 4 Sz,_ 40
I a..&P (@) 3

This method of analyzing processes on hetercgeneous surfaces was applied
by Roginskiy not only to adsorption and desorption equilibria but also to the
kinetics of adsorption and contact rractions and also to catalyst poisoning
(see below). A complete presentation of the method and ita applications, in-
cluding e Lles showing enalyses of experimental data, is given in a special
monograph. 227 It mst be pointed out that the device utilized by Roginskiy is
one of broad significance and is applicable not only to problems of adsorpticn
and catalysis; it may be regarded as an approximate method for solving integral
equations of the type: ’

b s
X 3
FGO=4 h () f(udt -
d
in which the kernel h (x, t) displays the following characteristics:

kR {x, 't)vcl when t < t)

h (x, t)5c2 vhen t >t2

- - 9 -
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h (x ) t) 1s a contimmous funetion having no maximum or minimum

The main variation of h (x, t), from h= C; to h=C, occurs in the inter-
val (ty, ty). ‘The function £ (t) is given in the tnterval (tnin, tpa,) where
tmin« t; and tma%‘c ta, and £(t) varies relatively slowly and steadily within this
interval.

Thus, the method of Roginskiy is applicable to the solution of all prob-
lems which satisfy the above conditions. When f£(t)=Cont, the method yields
altogether accurate results; in all other instances, the eccuracy is inverselw
proportional to the relative varistion of £(t) within the interval (t1, ta)...v

In gpite of its versatility, the method is, of course, not applicable
vhere the above-stated conditions are not met; for instance, if £(t) undergoes
wide variations within the interval (t;, te). Hence, it was necessary to de-
velop 8till other methcds which are not subject to such limitations.

The investigations of Temkin and Levich [iy , and of Todes and Bondareva
[3'27, are devoted to this problem in its application to adsorption equilibrium.

Temkin and Levich introduce the variables X =.{np and E=fnb and, setting
bj=o0 and by= o0 in (4), obtain the equation

C% pE)dE
<1>(x)=5 Sy eEar

the solution of which (see, for example, V. 1. Smirnov, Advanced Mathematics,

Vol 4) is the function
! . .
P(§)=m—[¢(x+m)—4>(x—wrn)]%é_ (19)

o
On the basis of this solution, Temkin and Levich have studied the empirical
isotherms, previously analyzed by Zel'dovich and Roginskiy, and have obtained,
in most instances, results closely approximating those obtained by the latter
authors. It must be pointed out that, strictly speaking, solution (19) can be
applied to e function ¢ (x) only if this function satisfies a number of spe~
cific conditions, which are not met by most empirical formulas commonly uti-
lized in the approximation of ‘experimentally derived isotherms. For this
reason, the results obtained by Temkin and Levich during analysis of certain
empirical isotherms are not rigorous, and hence do not afford any apprecisble
advantage over results obtained by approximate methods.

The use of formla (19) is not expedient for a direct determination of
P L) from experimental data, since it contains the function of & complex ar-
gument. Therefore, the above-named investigators have formulated (15) as a
series:

’ 2 i 4 s
p8)=[¢'00-Tr Q"+ F e m—l,

However, the arplication of this series 1s also laborious, because of the dif-
ficulty of determining the higher order derivatives of ¢(x) on the basis .2
exparimental data. .

Todes and Bondareva studied a number of rigorous, asympt:.otic methods for

-solving the same problem. One of these methods is the following: The funec-

tion ¢ (P) is formulated as the series

- 10 -

CONFIDENTIAL

) |

Sanitized Copy Approved for Release 2011/10/06 - CIA-RDP80-00809A000700060589-1 R



Sanitized Copy Approved for Release 2011/10/06 : CIA-RDP80-00809A000700060589-1

CONFIDENTIAL

- ¢ s _ ..., 4L C
‘P(P)“"‘T"f‘?zr '+Er1<s-

which in turn is approximated by the polynomial

_— — C"‘l
Plp)=i mz_ =
The desired function 4}(x) is formlated as a sum of Laguerre functions

_-b Pm ’ _m k_(m!)* K
PO = ety L 8, L (=5 =) W) (20)

The coefficients FPm and C, are related as follows:

_< K D=
Jo”’—zk-m(_') (":1/)2Zm-K),rCK (20a)

T~des and Bondareva determined the conditions that must be fulfilled by
the approximate funetion CP (p) in order to render it suitable for the deter-
miration of f () from formulas (19),(20), or the 1ike,

It must be pointed out that although the e

quations (19), (19a), (20),
(202), and others adduced in the above

-mentioned studies are obtained by quite
rigorous methods, their practical applications necessitate the introduction of

&8 number of additional simplifications which greatly detract from the accuracy

of the results so obtained. In addition, the very application of these equa-
tions was found to be most cumbersome and complex. Hence, the method of Ro-
ginskiy 18 much to be prefer;

Ted as being considerably simpler and more service-
eble in all instances where the problem involved permits its utilization.

The foregoing discussion relates to the adsorption of but a single sub-
stance. The adsorption of various_mixtures o

n heterogeneous surfaces wvas
studied by Roginskiy and Todes 337, vy utilizing the above-described method
of Roginskiy. These authors studied in detail the adsorption of a mixture of
two substances, for the case of a 1lin

ear dependence betveen the adsorption
heats of the mixed components, as well as for the case of the abgence of a de-
pendence between these quant’’ ‘es, and thus derived adsorption isotherms of the
mixed components expressed by means of the isotherms of the pure substances.

It is known that for adso

rption of a gaseous mixture on a homogeneous sur-
face, the degree of saturation

by the i-th gas is glven by the equation

Q . C[' / by -
!

+ Z" C;/b; (21)
vhere the summation 3, (,/k; 18 effected
mixture. Tt follows from (21) that the
of the two components on a homogeneous s
heterogeneous surface is equal to

vith respect to all components of the
ratio A of the fractions of saturation
urface or on a homogeneous area of a

A=8i_ Ci bk _ L bok exp 0';—0_&]
& Ck b; Ck  boi RT (22)
According to Roginskiy and Todes, the nature of the adsorption equilibrium

of a mixture on a heterogeneous surface is determinad by the functional inter-
relation between the adsorption heats of the mixed components on the same ares.
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In the presence of such interrelation, on transition from one area to another
the adsorption heat Q¢ of gaskwill v , depending on the adsorption heat Qi
of gas k: i

Let us take as an example the case studied by Roginskiy and Todes, where
Q and Q, are directly proportional

Qe =P ;4@

Such an interrelation may be expected in the case of adsorption brought
about by dispersive or electrostatic forces. In the first instance (dispersive
interaction), we have

~ QK . Sk /T
B Vot fLees

kei

(23)

where A is the polarizability of the gas molecule, 2 is Van der Waals' con-
stant, and T, 15 the critical temperature. In the seconi instance (electro-
static interattion), for adsorption of dipolar molecules we have

’le N(/AA‘)L

vhere A 1is the dipole mement of the molecule.

Taking into consideration (23) » the expreseion (22) becomes, in the case
of a mixture of two gases,

Aa&:& bL axp [—a_;(gl_;iLJ
b'l.

8 ¢,

It 15 sbparent. therefore, that for B<1, 1f the concentrations of both
substances are of the same order, and the more go if €, >C, then on the over-
whelming majority of surface areas ve bave §,? 6, , that 1s, practically only
one of the substances is being adsorbed. In this case, the presence of the
first component does not affect the adsorption of the second component. It
may happen, however, that 7, <« €;+ 1In such a case, both substances will be
adsorbed, end in view of the sharp (expenential) dependence of A on Q; , for
values of Q) less than & certain value Ql*,

(2%)

0 = *= RT y) C,buq_
] 0] -8 ” Ca b,

Practically anly one of the substances, namely the first gas, will be present on
the surface; vhereas, if Q> Ql* only the second gas will be present. This
relation is shown it Figure 3A, vhere the area I corresponds to the portion of
the surface occupied by the first gas, and the area II corresponds to that part
occupied by the second gnr. Under these conditions, the adsorption of the

first gas 15 equal to -

GI

- ¢| (C. 352) = 5 P(ar) JQ' (253)
Q|'= RT 2n Pos

¢
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and that of the second gas
Q, max
b, (¢,»62) ‘S £a,)dq (25)
Qr
The total adsorption of both substances is thus equal to:
[eRai R max Q, max
beercd= £0040 1T prardas( parae, (o
a; ar i

In addition to the above discussed symbatic variations of the adsorption
heats of the mixed components » there can also exist an antibatie dependence be-
tweer these quantities. In the latter case, vhich we shall not discuss here
in detail, the areas having the highest adsorption heats with respect to one of
the gases are those having the lowast adrorption heats, in so far as the other
gas 18 concerned. As & result both gases are adsorbed quite independently up
to the point where the partial pressures of both components and their ratio
reach definite critical values corresponding to a complete occupation of the
surface, whereupon no further sdsorption will take place. Figure 3B represents
the adsorption of a mixture of two gases with antibatic Q; and Q, 1in the case
of partial occupation of the surface; and Figure 3C in the case Gf complete oc-
cupation of the surface.

It 18 noteworthy that the sisorption isotherms of mixed components can
alvays be determined approximately on the basis of the theory of Roginskiy and
Todes, if the adsorption isotherms of the pure substances are known. Thus, it
is apparent from the foregoing considerations that in the case °f symbatic Q
and Q,, if ¢, and Cy are quantities of the same order, only one, namely the
second gas, gs being adsorbed and the adsarption isotherm obviously will coin-
clde with that of this second gas in its pure state. If, on the other hand,
¢,€C,, then the adsorption isotherm of each component and the summative iso-
therm derived by means of formulas {25) can be expressed on the basis of the
adsorption isctherms of the pure substances:

a"' 0,". Q,max
6 cl)=5 P(o,)dd,=5 fra,yda, —g £(Q), 40, = ¢,*(C,)-¢,"(C,")
& al e
b, = (c,,cz)=§ F£(0)d0, =97 (C)

- gres

Q.
ma Q@ (6,0)= &, (cha)+ b, (6,c0= £ea)da,= o7 cc)

vhere Q*(Cl) iz the adsorption isotherm of the first gas in 1ts pure state.
The interrelations between the isotherms of adsorption of mixtures of pure sub-
stances, can be determined Jjust as readily in the case of antibatic Q) and Qp,
and in the absence of a dependence between Q; and Q.

The statistical theory of processes on heterogeneous surfaces vas estab-
lished and studied in detail almost exclusively as a result of the andeavors of
Boviet scieniists. The scanty researches in this field which were conducted
abroad are, with few exceptions, less significant than Soviet work from a sci-
entific standpoint. They are on a lower theoretical plane than Soviet works.

Thus, it appears the more surprising that some of the foreign investigators,

in publishing papers dealing with statistica of heterogeneous surfaces, ignore

the work of the Soviet scientists vho established the fundanmentals in this

field, even when the coatents of such foreign publications are substantially a
duplication of prior Soviet researches. -
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Thus, in 1938 Cremer and Fluegge published a paper Z§é7 devoted to the
statistical interpretation of the parsvolic isotherm, without -eferring to the
scientifically much more significant public- ion of Zel'dovich, which had ap-
peared 3 years earlier in German, the native tongue of Cremer and Fluegge.

More recently the eminent American pbysical chemist, H. 5. Taylor, pub-
lished a paper devoted essentially tc the statistical derivation of the same
parabolic and logsrithmic 1ao‘zerms«[§27 Taylor also fails to mention the nu-
merous publications of Soviet ascientists who had formulated the same fundamen-
tal principles from 5 to 12 yerrz earlier. Incidentally, some of these prior
publications appeared in Taylor's native .anguage.

Taylor's publication, hovever, does not compare favorably with the thor-
ough investigations of Zel'dovich, Temkin, srd others, which were conducted on
a much higher phystcal and mathematical leval

Taylor derives the logarithmic 1eotherm on the basis of uniform homoge-
nous distribution, as wae done by Temkin 1in 1941, and the parabolic isotherm on
the basis of exponential distribution, as Zel 'dovich had done in 1935. In
this latter case, however, Tay.or aisumes the existence, on the surface, of
areas having large negetive adsorpticn beat values iintegration with respect to
Q up to-c0), which does not appear ‘0 be sound physics. Furthermore, in order
to determine the funstion iQ} ~orrespondirg to experimental observations, he
proceeds by the cut-ard-<ry method of applying ore type of function afier an-
other, whereas Soviet scientiss hal long sicce developed general methods for
determining the form of f{R) directly from experimental data. The specific
results cbtained by Taylor from analyzing deta relating to hydrogen adsorption
on tungsten are aito not novel. This problem had been investigated more thor-
oughly by Roginskiy, by his cwn method.

vnus, by such disregard of Sovie regearches, Taylor appears in the ludi-
crous position of a man who 18 AlstOovering vel.l known facis.

Adsorption Kinetizs

The nature of adsorplion Kineélics ©n & vaterogeneous surfuce was shown by
Roginskiy 156, 30/ vo depsnd on wherher the molecules remain &t the points
vhere they initialiy came in con%act vith <he surface during the process (ad-
sorption without redistritution), or uzderge redlztribution oa the surface in
accordance with the values of the alsorption coefficients o. different areas
of the surface. In the latter zase, the factor determining the kinetica is in
the mature of a functional relationshlp between activation energy and adsorp-
tion heat on the sam= area of the surface. Let us consider the possible basic
variants of the process, accomling *c Roginskiy

a. Adsorption without redistribution In this case, because of the ran-
dom collision of moiecules upoa the surface and the ausence of any lateral
movement of the adsorbed molacules on the surface, the velocity of the process .
tg determined solely by surfece distribution with respect to activation en-
ergles, irrespective of dlstribution by adsorption heats. The velocity on an
area with & given value of azTivatiorn energy 18 expressed by the differential

equstion:
df ~E/RT i _g
St = Koe p(i—6) (26)
Integration of {26), at a constant pressure, gives
|=g= exp [-K, pte TERT ] @0
- 1h -
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Bquation (27) defines the portion of unoccupied (fres) surface on the area hav og
the activation energy E at the time t. The portion Y of the free surface at
the time t is given by the integral

E

W(t)=l*—¢(t)=SLHP[—KUPtc-E/RT}P(E)dE

(28)

1
where f (E) is the function of surface distribution in activation energies,
while Ey and E; are ‘he minimum apd muximum valuee of the activation energy on
the surface.

b. Adsorption with redistributior in the abaerce of furctional relation
between E and Q. An ares having a givern value of activation energy can possess
an adsorption heat of wny magritude As a resuit of redistribution (the ve-
locity of which ie assumed %o be considerably greater than that of adsorption),
different srees of ‘he surface undergo saturation in proportion to decreasing
heats of adsorpticn, ané at any poin* of Time, areas having any value of acti-
vation energy, from meximum to minimum, will participate in the process., In
view of the exporential law of dependence of velocity on activation energy, the
velocity will actually be determined by processes occurring on areas having
minimum E values. On the graph f (E)}, there arsas constitute a relatively
narrov vertical strip, the location of which determines the velocity of the
process. This eirip 15 T=ferred %0 as the controlling band (Figure 4). With
increasing cauturation of the surface, vhe controiiing band, while remain” g
stationary, decreases Ir heignt; .  the number of areas with low activation
energy decreases stieadily and the velocity of the summative process declines,
because of the elimiration of *he saturated areas. The expression giving the o
adsorption velocity on tke total surface is ‘

—%:—*K,Pf "E—R'ﬁ,'" (1-0) .P(Emm)=Koc—Esz+‘i(l—4>) (29)

In this instance, *he activation energy of the eummative process is independent
of saturation {the same a3 in the zaze of & strictly homogeneous surface), and
the kinetics thus formally ccincide: wi*h that of a homogeneous surface.

c. E and Q vary symbav:caily; “hat is, ss § increases from one area to
another, E also ircresses. In 3ucn & rase. the velocity will also be deter-
mined by the prrosess o-curring oz areas having minimum activation energles,
vwhich areas will, however, remain pricticsily uncovered almost up to the com-
plete saturation of the surface, sinee redistritution vill cause migration of
the molecules adsorved or ‘hese arest onto areas having higher heats of adsorp-
tion. The coriroliing band in this cace, too, !s stationary but does not un-
dergo any alterstion in height almoet <o the very end of the process, the ve-
locity of which on the total purfaze will be constant and of zero order (Fig-

ure 5).
A p (B e SRk TR (0

4. E and § vary sntibaticaily, toat is, with increasing Q, E decreases.
The areas aaving the lowest activation energy are at the same time those hav-
ing the greatest adsorption heat Jonseguently, the occurrence of redistribu-
tion does not affect the velocity of the process. With increasing saturation,
the controlling band moves toward higher E values {(Figure 6). The kinetics .
in this case practically coincides witk She kinetics of the previcusly dis-
cussed process without redistribution,
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Temkin [:2'17 has formulated ejuetions for the kinetice of adscrption cn a
surface witk uniform distributiocn in activation energies and a linear depend-
ence between activation energy and sdsorption heat. On the basis of the fact
that in many similar reactions, the variation 1n activation energy during
transition from one reaction to another conatitutes a certain definite frac-
tion of the thermal effect, Temkin assumed that thie Tule holds in the case of
the adasorption process ard that the activation energy decreases with increasing
adsorption heat, in accordarce with

E=E,— ®Q

(31)
where E, and ((are constants . Egquation (6] tnus becomes
8 —E(ayRT
_j_t: K, & / *pli-0(a)]

. For the entire surfa~es the valocity is ejusl 1o

%%= oc-Em)/RT-P['-e(a.)] £ra)da

Assuming that &oé function § (4 L3 giver by equation (31), and that Ko 18
independent of ¢, Temkin obtain:d B somevhat complex and cumbersome expression
which, within the limits of medium Ba-urstiong, can be approximately repre-
sented by the formuls.

49 _ Ke _
FEERC 2k (32)
or, on taking into congideratiorn [BLH
_ii. =k’ ‘:‘P
ot - K (33)

vherein g = «f.

The kinetic equation (33 vau o-1gineily obisined empivically by Rogin-
skiy and Zel'dovieh /0 / aul wuboe quently was substantiated repeatedly by ex-
perimental rasulte. It3 relasion with tar uriform ¢le tribution vas demon-
strated by Yeiovich and Kravskhorir / L7, wno swdlsd, not P (B}, but the func-

tion
E(¢)=E,+ x¢ (3W)
- However, fram (34), 9 (£) can ba derived by means of formula (6)
’C Y= d—tt = B
PIR)=JE=w =

The desorption velocity, sccording o Temkan, 8 given by the equation

—qF =K e (3ba)

Roginskly, using his approximate method, made a atudy of the genersl as-
pects of adsorption and desorption kinatica. By utilizing a simplification
analogous to that which he had introduced in the study of the theory of adsorp-
tion eguilibrium, he obtained in ine case of adsorption without redistribution,
or with redistribution and antibatic T and Q, the following approximate ex-

pression:
Linf mRT-Ln K, PY

| .
yer) = FrEAE (3%
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Yormula (35) gives, in the case of a umform distribution P (E) = Const,
the kinetic isotherm

bty = alat+C o S =ae™?t

In the ¢ ‘e of an exporential distribution, tke folloving equation is cbtained:

b(t)=A-t¥

which 1s also very frequently encountered experimentally.

In the desorption process, the following relation takes place:
E.uf = RT- £k,
Get)= £ (Eu) e
¥
The kinetics of processes 1nvolv'1ng the adsorption of mixtures, vhich ve

shall not discuss here, is dealt with ia detail in the previously mentioned
monograph by Roginskiy./29/

According to T .ginskiy, the unknovn distribution function is determined
on the basis of ¥ .etic data by means of the folloving formulas :

=L _di(_fz_] - [_t_ L 4e0t)
P(E) RT [dlht RT dt _-_,]t =(l/K,p)exp (E/RT)

0 fdeT _ [t de)
P lEqes)= RT [d an:l = [RT dar =)k, ) exp (Ejes /RT)

Thus, for example, the kinsise equation
¢ =[a Lat]*

corresponds to the éistribution function
plr)= %I[E—RTan.,J:A(E-B)

It 18 of interest to no%e that according to Roginskiy's theory, the lavs
governing the equilibriwni and ‘he kinetlics of adsorption on heterogeneous sure~
faces are very mu-h alige formally .

If we substitutle Ko for bg, and 1 for p in the equilibrium formulas, the
: corrasponding kinetic formulas are obtained. This indicates that in processes
’ determined by quantities having no constant values but distributed in accord-
ance with some statisti al law, the effect of the latter has such a pronounced
influence on the procese that 1t wmay become ita determining factor. In other
words, the formal expression of the recurring regularities is determined, pri-

parily, by the form of the distribution function.

For &n accurate solution of the problem of determining the distribution

function P (E) in activation energies E, the present author has suggested a
method [5_5] which is free of the limitations inherent in the method of Roginekiy

- <17 -

CONF IDENTIAL

.

Sanitized Copy Approved for Release 2011/10/06 : CIA-RDP80-00809A000700060589-1




\

Sanitized Copy Approved for Release 2011/10/06 : CIA-RDP80-00809A000700060589-1

r

— CJsoxtHUM

Let us first solve the integral equation (28) in the genersl form. Let us es-
sume in (29) E1=0, E;=00, &and introduce the variebles y=4nt and y= E/RT.
Thus, we obtain

P(ef)= q)(q)=) “PEK:H‘X P(x)dx (36)

[}

vwherein K: =K,p-

On multiplying both members of (36) by £ “?dy and integrating from

+o

PO PO N e Fas
) ~ (3m

-}

+
—eg to -0 » w2 q:tg

It can be shown that the integral

S sxp[-'K;éy-‘] Plr)dx=

converges uniformly in the parameter Y . Hence, we can change the order of in-
tegration and having done so vherever possible, we have

+ o0 o
- ' (s
s %Y L = S —- d
S 27 b () dy ’Ko r(-s) g-‘ p(x)dx

provided the real part of 5 1g less than zero [T(-5) 15 the gamma function/.
It can be further shown that the expression
+o© .
Y(s)= S e ply)dy, Ris)= Sc""ﬁ(x)dr. (38)
¢

-

can be considered as the Laplace transforms of function ${y) and f(x). [gee,
for example, V. I. Smirnov, Advanced Mathematics, Vol by,

Thus Y(s)= K/ (=5) R (5) (39) |
From {39), .. con-ersion of the Laplace transform ve cbtain P (%) as the
integral
o+io
=] e’Fyesyds
x)=-—r S 4o
PO ) RS (o)

where S =2 +i7% is a complex variable, and integration is effected on a
straight line parallel to the imaginary sxis o = const, where o is a real mm-
ber within the interval —oco<r<e (see Smirmov, loc. cit.).
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To compute Y (8) from experimental data, it is necessary to have these
data over a sufficiently wide interval, of time since integration in (38) 18
fram o to oo, .

To integrate (38) it is necessary first to approximate the experimental
results by a suitable function, and for this purpose, we may use not any suit-
able function, but only those which satisfy equation (36). Thie condition
greatly reduces the type of functions adepted for the purpose. Therefore it
1s more expedient to use the follwm? method. From (36) it follows that for
a very large class of functions P(Xx ), the function (t) can be expressed
a8 & series

o ﬂl Y] m
nnl -kt (K't)
p)=2 43 (17 MZ,—W* (b2)

It is readily apperent from (LO) that resolution (41) corresponds to expressing
the function p (E) as the series

(7]

JO(E):-P\'T"Z_O Qp K: ”"":—(M-O-l) E/RT

Terminating the series at some term, we cbtain for @ (t) the polynomial

- n (I m
c xotZ (Ket)

m .

.,
pm=) e (1-

a0

For large values of K : t the terms containing e can be disregarded, 1n
vhich case ve have

—n \ o, ﬂ.'
Y () = i.,_‘L—t”" (2)

On formulating the experimental data as a polynomial in yt ve can deter-
mine the coefficients a,.

The value of K'o can be determined by means of the formula

TN,

/ Lati-t, mt,
j" K‘= T, T‘E:._t _i_j,,(_jr‘f’) (43)

| 2

vhare t; and are points of time corresponding to two equal values q’@)‘ Y,
determined at temperatures T; and Tp, respsctively. .

Formila (43) can be derived in the following meuner. For the same value

of  , at different temperatures T and T, and scme value of the activation
energy 3=E¥, ve have the equation

_E¥ , ~EX/RT,
,,p[_kofa E/R"'t,]“,p[_;gc / ch:

hence ,e,,tl_ﬁ_’_""_ = Lnt, — %?"
1

It T,=o, then the same value § will be attained st some time too, and

£nt, ~ TE‘;, = dntes (44)
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Analogously, 1f T =eo, then

_E* _
S Lnteo (85)

From equations (44) and (45) we obtain

T, Ant, — T, Lnt
Lt =t 2= n-a 46
N oo T,"T;L ( )

It follovs from equation (28) that when T=oc and t,= t., ve have
o

y<) eote P(E)dE =T \ peerdE=c =

]
Wherefrom it 18 easy to obtain formula (43) by means °f equation (46) .

For medium saturations, the second term of (43) can usually be disregarded
and then (43) becomes the formula given by Roginskiy:

ok, = Tdats” Tdal,
T, - Ty
Having found the coefficicats g, and K. , function P(E) is determined as the
polynomial

£
i
PE)=o=) an K, e~ (n+!) E/RT
RT nz=o

If the experimental data yield not ¢ (t) but the amount of adsorbed sub-
stapce q (t), then, from the obvicus relation ¢ =0 (i-¢) and (42), we cbtaln
+he equation .

4 /
q(t‘)=ﬁ—-z flﬂ—ﬁ
4]

Fr t n+|

from which, in conjunction with the experimental data, we can determine ﬁ and
the coefficients an .

Under certain conditions, the foregoing method allovs us to evaluate the
gize of the adsorbent's surface trom data on adsorption kinetics.

Thus, 1f q (t) is expressed in number of molecules, then S is equal to
the number of molecules on the completely occupled surface. If ve know the
ares s, occupied by one adsorbed molecule, the surface S of the adsorbent is
equal to S5=f5.

[ Y “
A more detailed presentation of the above method will be published else-~

where.

A1l of the foregoing considerations relative to adsorption kinetics are
valid if the pressure of the substance being adsorbed remains constant. Let us
now consider the process taking place under varying pressure. The differential
equation of adsorption kinetics is (26). Integra®. m of this equation at vary-
ing pressure gives

t
—0m exp [, 6T | ] o

0

- 20 -

CONF IDENTIAL

{

-

Sanitized Copy Approved for Release 2011/10/06 : CIA-RDP80-00809A000700060589-1




»
- : f

Sanitized Copy Approvd for Release 20 1/10/06 : CIA-RDP80-008
r

) !
: |
09A000700060589-1

. CONFIDENTIAL S 50X1-HUM

If U is t
. L t
=g, S pd

where Po is the initial pressure of the substance being adsorbed, then equa-
tion (%) becomes

| -8 =exp [— K, C_E/RT P‘,t] (49)

On comparing (49) with (27) it is readily perceived that in the case of
varying pressure all the foregoing congiderations remain valid if the time ¥
is replaced throughout with the conventional time T .

Kinetice of Heterogeneoug Catalytic Reactions

According to a widely accepted concept, the velocity of a complex mlti-
stage process, such as a heterogeneous catalytic reaction, 1g determined by the
velocity of the slowest stage component. This controlling stage can be the
sdsorption of the reaction components on the catalytic surface, or the chemical
process occurring on the gurface, or the process of desorption of the reaction

i products, or, finally, the processes of drawing the reacting substances towvard
or from the surface (diffusion kinetics). An additiopal factor vhich compli-
cates, and sometimes radically alters, the kinetic characteristics, is the
process of catalyst poisoning, either by reaction products or by extraneous
poisons, Among the earliest researches concerned with theories of heterogene-
ous surfaces, were the investigations of Constable, vhich dealt with the kine-
ties of eatalytic dehydrogenation of alcohol, and which are now only of his-
torical aignificance.ﬁg Studying this process on copper catalyste prepared
at differsnt temperatures, Consteble discovered that the pre-exponentid factor
increases with increasing activation energy of the catalyst. In an attempt to
explain this cbaervation, Constable suggested the existence, on the catalyst
surface, of points having different activity values, at which points the reac-
tion actually takes place. Having postulated the interrelation of thé activity
of such points with the deviations Ad from interatomic distances, and sdopting
for the probability wiad) of these deviations, Gauss' law of errors

w(Ad)wc_A(Ad)s

vhere A is a constant, Constable obtainea for & number of active points char-
acterize? Dy a value of activation energy E the expression A shE, where the

constants A" apd h depend on the nature of the catalyst and on the conditions
,ef(i; under which it is produced. The yeaction velocity at an active point having a
‘ given value E 1s equal %o

WE= Kac—E/RT 2]

If K, and 8 (the degree of saturation by the reactant) are assumed to be con-
stant at all active points, which is most arbitrary, the velocity on the entire

surface 1s equzé.l to yE
N (n-l/RT)Ea _ g (n=1/RT)Ey
= “ —EJRT ;b E - "_e —&
W=K,6 A S e 6"E dE=K,BA e o
E

In view of the magnitude of E,_ , the upper 1imit of the activation energy
value, terms containing E, in the exponent (h<l / RT) can dYe disregarded, which
gives the expression, _ ghEl o -E,JRT

) /RT—h .

that is, ‘the depired dependency petween the pre-exponentia.l factor and the en-
ergy of activation. .
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The kinetics of catalyti reactions and processes of catalyst poisoning
on & heterogenecus surface heve been studied in thelr most general aspects by
Roginskiy./29, 3§7 We shall discuss here some of the genersl considerations,
primarily in the light of Roginskiy's work. ¢

1. The reaction velocity is determined by the adsorption activation of
the components.

a. In the absence of poisoning. The velocity of the chemieal proc-
ess on the surface and the velociiy of desorption of the products substantially
exceed the adsorption Evelocity, v.ich, in this instance, is equal to

We=cx VX S Ke SR p(g)dE =K, e ESRT A (50)

El [E v E ;veugc
where ¢y 1s the concentration of the substence, the adsorption of which con-
stitutes the controlling stage of the reaction; ¥y is the number of p particles
of this substance which form the activated complex (order of adsorption by ac-
tivation); and E 1s the adsorption activation energy. From (50) it is apparent
that, in this case, the heterogeneous gurface displays properties vhich repro-
duce those of a homogeneous surface.

b. The reaction products are irreversibly adsorbed on the surface.
The resction kinetics (assuming ¢y to be constant) coincides with tr-% of the
activated adsorption, described above. In the absence of redistribut.on, or,
with redistribution and with antibatiec E (adsorption activation energy, of the
component X ), and Qp (adscsption heat of the poiscnous reaction product), the
velocity W, in view of (76) and (27), 18 equal to

=& T, p(e) [ima(e)] 4 =
(=]
= §K,C"/”exp [-K,t e ERT. ¢ %] p(E) E

Ey

It is apparent from (51) that in this case the kinetic equations
are of a type 4>(t)=a-1nt and $(t)=At ¥ which are characteristic of activated
adsorption.

(51)

¢. In the presence of redistribution on the surface and in the ab-
sence of a dependence between ads- - Htion activation energy {of the component
%X ) and the heat of adsorption {of the reaction product). In such a case, ve
cbtain Por the velocity an expression analogous to (29), namely:

w=CP K, e "B R ~p)=CR K enp[-Eum i, W EmRT ] =
=KY(T) e~K(TIT,
Here also the properties of a homogeneous surface are, thus, reproduced.
t ‘ In the case of a symbatic variation of £ and Q, , W& have further:
WK, (6P (Ein) € /T (59

d. The reaction product is reversibly adsorbed on the surface. The
degree of saturation of the surface by the poisonous reaction product in the
case of a homogeneous surface is equel to

S
r Mtbpe (54)

where T 4s the volume concentration of the product.
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In the absence of a functional relation between E and Qn, the re-
a.tion velocity is equal to

. We G KeTEM/RT (- ¢-) (55)

where d),.. is the total fraction of saturation by the poisonous produet of the
total heterogenecus surfice, which is equal to

(ad 3

8= S r(a,) 40 -

T+ by
Bquation (55) mﬁﬂests the correspending equation, in the case of
a homogenecus surface

W= C;/" K,e ERT(1-8p)

which differs, however, in that the dependence of the fraction of saturation
by the poison upon Tr'is expressed not by the Langmuir isotherm (54), but by
the formula (56?? In the case of an exponential form of P ' Qr.), on applying
formila (17), ve obtain

<, _ .
W Cxx K,e Emin/ﬁzr(,_awy)

It Qp and E are symbatic, the presence of the poison does not af-
fect the kinetics, except at the highest saturations, when the poison f4inally
reaches the most active areas (those having minimum E) of the controlling
band, whereupon an abrupt (exponential) decrease of the velocity takes place
(Figure 7). Finally, vhen Qp and E very antibatically, the poison occupiles,
from the start, the wost active areas, i.e., those having minimm activation
energy. In such a case, the form of dependence between E and Q. 18 of sub-
stantial significance.

Let us assume, as it is frequently done, that
Qr=Q,—PE (57
The reaction velocity on the area with s given value E=E| 1s equal to
Wi -K,CY“ a‘*i/’”'(,

- s )
T +b, EAP (R, /RT)

= K CV‘ by
oV T exp[(E,+Q)/RT] +bs8xp[E,/RT]
or, on taking into consideration (57), we have
. e K. b, C:‘Vﬂ
I= A expLa,+ (I-BIE)/RT] +h,exp [Ei/RT] (58)

12 A</ the maximum velocity will ocour on sress having minimum £/ values, in
spite of the fact that on these arcas there is present the greatest amount of
the poison. We have thus

1/l G.+("'4B)Emin ' !
Winax=Ks Ux by exp [‘I RT .] T +b, 8xp [-(4,~ BEwin)/RT ]
or, disregarding b,erp[~(Q 5 E,..‘,.)/RTJ as compared with Ir (Q,1s & large quan-

41ty), and setting Q.+ (1-4) Em, E ve Obtain
. . VK /
_ -E/RT
- N W oz Ke€x :r (55)
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If, on the other hand, B>1, then the expression (58) has a maximum, which we
can determine by setting ﬁw equal tg zero and solving the resulting equation
for E,pr @ £

: Eope =Fr(0,-RT £ )

On substituting the expression so obteined in (58), we have
) - V) -7 V)
W, = Kb B (8o1) e=00fRT. 5 0 -ay/RT,
max (B=1) Vs g4+ wis ™8

In this case, therefore » 88 the poison 1s being adsorbed, the controlling band
of graphf’(x) will move toward higher E values (Figure 8),

™
’ The expression (60} suggests Langmuir's dependence in the case of
poisoning by blocking on a homogeneous surface, but differs from it, hovever,
in that the poison concentration is of the fractional order V,@ .

The above-cited examples do not, by any means, exhaust the multi-
farious aspects of kinetics on heterogenecus surfaces in the presence of ca-
talyst poisoning; not even in the particular case where the reaction is con-
trolled by the adsorption stage of the process. Polsoning, by extraneous prod-
uets, of a catalytic reaction controlled by the chemical process on the gurface,
or by the desorption stage, 18 governed by distinct and interesting laws, (It
can be readily ascertained that the interdependence of reacti-~n velocity and
concentration of the poison, set out in section ¢, are epplicable not only in
the case of a reaction sontrolled by the adporption stage, with formation of
polson containing reaction products. They relate also to reactions controlled
by desorption and by the chemical process on the surface, as vell as to poi-
soning by extranecus poisons; provided that the conditions of (57) are satis-
fied. However, we shal: not here make a detailed analysis of these problems
ﬁee 29, 3§7 but consider next the Teactions controlled by the processes oceur-
ring on the surface.

2, The reaction velocity s controlled by the chemical process occurring
on the surface.

The velocity of the reac*ion teking place on the surface
n, A, g At =Y

vhere A“Az.-" are the reactants, and Y is the reaction products, is given in
the case of a homogenecus surface by the equation ‘
- n n
W=K,e E/RT, 6,"" . 8,"* ...

(61)
vhere E s the actual activation energy (that is, the heat of formation of
the activated complex, computed on the basis of the zero energy level of *he
adsorbed particles) and 6,,82: the degree of surfac~ saturation by the ra-
spective reactants. This equation can alec be formulated as

i =QYRT Bppta, —g-p - .. LTS T
Wk e 878 Tprp (g ) (62

vhere Q" is the apparent activation energy, that is ; the heat of formation of

;,-:;. the activated complex, computed on the basis of the ieroc anergy level of the
particles in the gasecus phase, with

g’ Q"=E-mQ, i, ... (63)
g
" where Q,. Q;l"'a.re the adsorption heats of the reactants, and p,,p, - are their
°  partial pressures. ‘
- 24 .
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On a heterogeneous surface, the different areas (zones wherein the acti-
vated complex is disposed) are characterized by different valur of Q,, G "
and of E or Q%, and the reaction kinetics will be determined by the nature of
tne dependence between these quantities on passing from one erea to another.
Let us consider some of these specific variants.

1. Let us suppose that with an increase of the activation energy E , in
a reastion involving only one kind of particles, the heat of adsorption de-
creases from one area to another (antibaticity). Then the areas having minimm
E values will be those of maximm adsorption heat. Because of the sharp var-
jation in the reaction-velocity constant, with activation energy, and because
of the Practions of surface saturation by the reacting substance with the ad-
socption heats, the reaction velocity on the entire surface will be practically
equal to the reaction velocity on the areas having minimum E and maximum @
values. For not too low pressures, & in formila (61) can, for practical pur-
poses, be taken equal to one (since the areas having “he greatest adsorption
heats are invnlved), and the reaction velocity on the entire surface is given
by the equation

W= Koe —Emin/RT.f(Em;") = Kgle

—Emin/RT

vhich 18 of zero order; thus the energy of activation 15 independent of the
saturation.

For very .ow pressures, wben £ cean no longer be considered equal to
one, ve have the following relation:

_ —'E,...n/RT . Plbmin
w=K, e 1+P/bmin

vhich 1s derived from {61). In this cese, therefore, the kinetics observed on
s heterogenecus surface will be that characteristic of a homogeneous surface.

2. Let us now consider when, with increasing activation energy E , the
adsorption heats of the reacting substances also increase (eymba.ticity). In
this instance, the areas having minimum activation energies are also those
baving minimun adsorption heats. If the activation energy changes more rapidly
than the heat of adsorption, for example, in accordance with E=E+a Q , vhere
= >n (see formula 63), the reaction velocity will be determined by the process
taking place on areas with low activation energy and low adsorption heat. Since
on these areas 6,,0, -+ are very small, they can be disregarded in formula
(62), in comparison vith unity, and we ihen have

szole—'Qmm/RT p' 'pzl. ..

i.e., kinetics similar to homogeneous kinetics.

If, hovever, the activation energy changes more slowly than the ad-
sorption heats, the areas of minimm sctivation energy will contain too few re-
acting molecules, and maxipum reaction velocity will occur on areas with opti-
mum relation between E and Q1 . TIn contradistinction to all other cases, in
this instance the controlling band of the graph J(E) will no longer be sta-
tionary, but will move vith increasing pressure of the reacting substances to0-
ward larger E values. We can i1lustrate this rule in the case of a monomo-~
lecular reaction mechanism on & catalyst, for which the dependence of activa-
+ion energy upon adsorption heat of reactant is sxpressed by the formule

E=E° + «@ (6Y)
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According to (61) and (64), the remction velocity on an area with an adsorption
heat @ is given by the equation

—-Eo/RT =& Q/RT p -E£,/RT P
W=K,e e P AR =Ko.& PaRB/RT 4 e Lx-1)4]

I & > ), the maximm reaction veloclty will occur when Q hes the lowest
value, and ‘ae reaction velocity on the entire surface will be equal to the re-
action velocity on areas vith minimm Q,

= -E,/RT ~% Qumin/p T P
Waax=K, & /IRT¢ /RT, PR Om AT

or, on disregarding P in comparison with b, € Qmin/RT 41 the denominator, ve
have
“E_+(&x-1) @min] /RT -q*
Wonax = a__ﬁ_ EE o )aan/ K e Quin/RT. p
3
If X</ , then on determining the maximum velocity in the usual manner, ve ob-
tain the optimum value of Q,

Qopr = —RT=£n [Z5 - _b:L]

and the reaction velocity on the entire esurface is equal to

&
W=K ' exp [_EO—O(RTA"((I-a)bL) P =K/6—E'/RT-P
¢ RT P+13xP
that is, a fractional order reaction {4} characteristic of symbatic E and
Q will take place.

3, Finally, if no functiocnal relation exists between activation energy
and adsorption heats, *hat is, %o a glven value E correspond any values Q,,Qa
the controlling band will sgain be situated in +he region of minimum E . For
low saturation, ve have {i-6,-8;~ ") ==

"Q’e T n Ma
and w=K,¢é """/R PPy
In general, however, the velocity vill be equal to

~Qnin n
W= Koe @%in/RT Rm, F'zm' . (’_¢._ ¢:.—" ')=}<°’e /RTF‘, ’Pau"' 7

The value of the free surface (U can be determined by meane of the Roginskiy
and Todes formula for the adsorption of gaseousz mixtures E

i, The reactiorn of velocity iz determined by the desorption of the re-
action products.

Without expounding la detail the recurring regularities which take
place in this instance, ve can cite as sn example the analysis of kinetics of
the catalytic decomposition of amwonia, studied by Temkin and Pyzhev 5_@7 )
whose work embodied the first successful application of the concept of het-
erogeneous catalyst surface to & complex tectnological process. According to
the experimental results of Hmterc%g , the decomposition velocity of ammonia
on irom is given by the equatilon:

L .

N

Sanitized Copy Approved for Release 2011/10/06 : CIA-RDP80-00809A000700060589-1 -




Sanitized Copy Approved for Release 2011/10/06 : CIA-RDP80-00809A000700060589-1

r

. CONF sDENTIAL 50X1-HUM

In accordance wish the viewpoint held by most investigstors, the decomposition
velocity is determined by the desorption process of the nitrogen formed by
disscciation of ammonia on catalyst.

Consequently, the nitrogen adsorbed on the surface vill be in equilib-
rium wvith the hydrogen and the ammonia (but not with the nitrogen) of the gas-
ecus phase. If p™y, 1s used to designate the nitrogen pressure (£ictiticus),
which would correspond to the actual saturation of the surface 4)” at equi-
1ibrium, then in accordance with the reaczion 2 NH; = Npy+3 Hy, Wé have the
equation >

» [ 'y
P N:. K«qu '———Fg;‘:
Assuming, as 414 Temkin and Fyzhev, that the surface of the catalyst ie char- .
acterized by uniform distribution in adsorption heats, we cbtain, on spplying
formulsa (12{,

PiNH / 2
¢N2 = Ci 'Z”(“P*‘:’z): Cla @LK!:’J.’I —P—JT’J._J—)=C +c, !n—Pp—!'%f

If 1t is further assumed thst equation {¥1) is applicable 1lu the glven case,
that is, antibatic adsorption heat and activation energy, then the desorption
velocity cbtainea by means of formula {3ka} will be

~ WA ®Ns_ et - R pl _ p"H hey
W=K_ =K exp| h Cthe, n Dty J=k( ijr,;)

If hL’:Yl , we have the desired reiation, namely:

w=k [LPiHH, e K ’;N":Hi )

P3H2
By analogous reasoning Temkin and Pyzhev obtained, for the velocity of the syn-
thesis, the equation s
1 PN, P Hy
WK, Tl

{The discuzsion of the problem by Temkin and Pyzhev and some of the
formulas have been aitered somewhar, in order to conform to the form of pre-
sentation adopted in the present articie !

Of considerabie importance 13 the problem of determining the distribution
function in activation enmergies of a cataiytic resction from experimental data
relative to kinetics of such a reaction

The solution of this problem is complicated by the fact that if several
areas having different activation energy are concurrently active on the surface,
only the most active areas (the controiling pand) will affect, in practice, the
total kinetics. Therefore, the distribution function can be found, on the
basis of kinetics, only in the case vhere, for one reason or snother (for in-
stance as a result of catalyet poieoning), in the course of the reaction some
areas ars esliminated in a defipite gequence. 1f we assume that such elimina-
tion of areas occurs in the order of increasing activation energy, and further,
that & moncmolecular reaction is involved, of a gsubstance so readily adsorbed
that the amount of reactanl by volume can be disregarded, and if we can con-
gider it as being preaent in toto on the surface of the catalyst (layer reac-
tion), then the reaction velocity on a homogeneous area, in the absence of re-
distribution of the adsorbed substance, 1s equal to

d6 _ —EJRT

Tt K,€ -0
Hence, the degree of saturation with respect to the substance which has not re-
acted at the time t 1is equal %o

6 (t) =6, [-K,e T E]
27 -
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For the entire heterogeneous surfece, in view of (5), we have the equa-
tion, (if 6, 1is the same for all areas),

t
$ (+) =6, S f-’w[—K,c E/’"f] p (£)dE

(65)
E,
vhere $1 15 the degree of saturazion ty the unreacted substance on the
. total surface, and _F(E)the aistribution function in activation energies t

of the catalytic reaction.

Comparing equavions {65) and {28 we see thel they are formally igentical,
and consequently, 1n the given case, o determine PCE) we may utilize all the
above methods sdapted for determining the distribution function by the adsorp-
tion activation energles

[ the Theory of Heterogeneous Surfeces
and the Theory of Jasersction Of the Adcorbed Particles

As was previously mentioned, & rejeciion of _angmir's postulate of sur-
_ace homogeneity 16 not the only meanrs of evolving the theory of active sur-
faces. A number of putherz deveioped & theory of adsorption taking into con-
gideration the 1nileractlon of adrorbed particies, while retaining the postulate
of surface homogene 1ty From & strict viewpolnt, these authors were Just &8
successful ss the proponents of neterogenelly 1B expleining the experinenta.lly
observed recurring reguiarities by #25UMINg ORE Or another premise &8 to the

peral lew governing the qutua. action of the particles. F. F. Volkenshteyn
317, shows in n1s pubilcation & ~aple Of the same 1sotherms vhich vere de-
rived by Rogirskiy on the basis of the ccncept of Ebeterogenecus surfaces and
ipdicates the nature of the nteraction of +ye adsorbed particles on the basis
of which these isotherms are obtuained Trne same author also shows the methods
for determining ‘he ruie «hich cORITOLE Such .pteractions, from a given is0-
therm, and vite versa.

It wouid sppear Lbat e +hecry bazed on tne interaction of molecules, 1s
fully a8 autnor itative sz thal of heterogenedus surfaces. However, 8 pumber

of substantial ohjections TAL pe ~1ved against 1he former. Azcording to Volken=
ghteyn, the edsorplion 1soTherm cab ps formulated as followe:
KT2 =5 _ 2 b kT Ln S
ng ® = 2 (66)

vherein A ¢ 18 the epnergy of interaction ¢f the adsort2d molecules. For low
orders of saturation the spteraction s sllght, that s, for 6-» o,6$4~0 . 0n
the other hand, &% high =aturatlol this energy approaches a certain constant
value 80 that <A P Leertt

.

On rewriting 166! a2

=8 b L L%
An—— = Lo gt (61)

the term b/P 1ncreases without bound with decreasing pressure. At the same
tme,'A¢/KT decresges. Hence, atl lov pressures 167) becomes the i1gotherm of
Langmir, that 1s, 8% LOW pressures +he Langmuir iszotherm holds, irrespective
of the mature of the 1L5W gOVETRIDg the interaction. The widest deviations frem
the isotherm of Langmuir must occur vhen p= b that 12, for medium pressures.
Expermentally, nowever , the very first points of the isotherm for lov pres-
sures frequently 3o not satisfy Langmulr ‘s equation; and conversely, they are
in agreement therewith ab medium and high pressures. JEPRLS 217 On the other
hand, On heterogensous surfaces and in the absence of interaction, as ghown by

- 2B.-
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Zel'dovich /217 in the case of an exponsnsial distribution in adsorption heats,
it is precisely at the iow pressures that the theory requires the greatest de-
viation from Langmuir's relation. A parabolic isotherm (2), is obtained by
Zel'dovich when p < b,. At medium and high pressure (p >b), on developing 5!&—;7‘
of (b) as a series and mtegra.ting, Zel'dovich obtains the expression
I T+2
¢(P).—I_ _I- QA__,.'_I...
)'-H P r+2 P

which differs t‘.rom‘ the develcpad Langmuir function only in the coefficients of
higher powers of ,’p

Furthermore, ir order 10 expisirn a parsbolic isotherm on the basis of
particles intersctior, it 15 neceszsary to assume the following improbable cor-

relation [_/
A= o, b, +;:£.)

vhere F 15 the distance betwean particlse  This relstion differs widely from
the usual laws of intaraction, sczording to whizth the energy decreases with
the distance as /?B(Kﬁ( 6} anc evar. az -2,

Thus, the most frequently encountered empirical conditions are more
readily explainabie on the bazis of the concept of heterogeneous surface than
by interaction of particles

A series of recsan'ly cttained axperimental data aleo substantiates the
energistic heterogeceity of adsorbent surfaces. Roginskiy and Keier _7, on
studying the adsorptior of nydrogen cn charcoal, obteined the following re-
sults by means of the "isotope method," first proposed by these authors.

If av first iight hydrogen "H." and thew neavy hydrogen (D,) are adsorbed
on the same batch of charcoel, on £ubsequert desorpiion the ‘gases are desorbed
in the reversed order, ‘hat 1&, fira* the heavy hydrogen snd then the light
hydrogen. If the order of adgorpeion is reversed, that 1s, Dy is adsorbed
first, foilowed by H,, then the order of de=oxpuon 16 aiso reversed. This
phenomenon canno: be expm.ned 1f 1% i& assumed that the surface is homogeneous.
On the other hand, 1f the surface is beterogensous with respect to adsorption
heats, 1t is :e&h;y apparent that “pe first adsorbed gas occupies the areas
having higher adsorption heste ard, coneequently, s less readily desorbed; and
conversely, the last adsorbed 2as oc:upies the arsas of minimum adsorption heat
and is more r=adily desorbed

Taylor and Stou Chu-liarg [_T_‘; have found that if, in the process of acti- ¥
vated adsorption Of hydroger on zirc oxide, the temperature 1s raised rapidly, ‘
then a partiai desorption of the gas occuré at first, after vwhich tke adsorp-

tion graduaily inzreases sgain, reaches i*s former valus, and then continues to ‘
increase further '

A similar procesé was obsarved by the present author on sdsorbing carbon {
monoxide on nickelous oxide ‘unpudblished datal Tnis phenomenon 1z readily ex-
plainable on assumption of surface nsterogeneity. Since a heterogeneous sur- 1
face comprises areas of different sdsorptiion heat and of different adsorption !
activation energy, a portion of these arese 1is puct icaily completely occupied
vhile the remsinder is practlcally not otcuriled &t all. With increasing temp-
erature, on the occupied areas partial desorption takes place, inasmuch as the i
amount of adsorptive present on these areas row exceeds the amount in equilib- |
rium at the preva:ling temperature. On the other hand, on the areas which were {
not occupied prior to ‘he temperaiure riae because of excessive activation
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energy of these aress, ilncreasing lemperature causes increasing adsorption be-
cause of an increase of tls adsorption velocity. Thus, the temperature change
causes a peculiar, abrupt psgsage of the adsorptive from one group of areas to
another through the gaseoug phase.

1

In conclusion, it must be noted thst both theories share the shortcoming
of not being founded on an irrefutable physical pattern, and the f1inal solu-
tion of the question as to vhether one may disregard the mutual interaction of
the particles, as well as thai surface heterogeneity, will probably be attained
when e rigorous phyaical theory of adsorption has been postulated and sustained.
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[Fote: KT means 'controlling band'./
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